At the beginning of mammalian life the genetic material from each parent meets when the fertilized egg divides. It was previously thought that a single microtubule spindle is responsible to spatially combine the two genomes and then segregate them to create the two-cell embryo. Utilizing light-sheet microscopy, we showed that two bipolar spindles form in the zygote, that independently congress the maternal and paternal genomes. These two spindles aligned their poles prior to anaphase but kept the parental genomes apart during the first cleavage. This spindle assembly mechanism provides a rationale for erroneous divisions into more than two blastomeric nuclei observed in mammalian zygotes and reveals the mechanism behind the observation that parental genomes occupy separate nuclear compartments in the twocell embryo.
After fertilization, the haploid genomes of egg and sperm come together to form the genome of a new diploid organism, a moment that is of fundamental biological importance. In mammals, parental chromosomes meet for the first time upon entry into the first zygotic mitosis after nuclear envelope break down (NEBD). So far, it was assumed that similar to oocytes a single bipolar microtubule system would self-assemble around both parental genomes also in zygotes (1) (2) (3) (4) (5) (6) . Due to the extreme light-sensitivity of the mammalian embryo the details of the dynamic process of zygotic spindle assembly, however, remained unclear.
To examine how parental genomes join for the first time, we imaged live embryos in which the maternal and paternal centromeres were differentially labelled (7) using our recently developed inverted light-sheet microscope, which allows fast 3D imaging of embryonic development due to its low phototoxicity (8) . This revealed that the two genomes remain spatially separate throughout the first mitosis ( Fig. S1 , Movie S1). To understand why the genomes are not mixed, we next imaged spindle assembly using fluorescently labelled microtubule organizing centers (MTOCs) and spindle microtubules ( Fig. 1A, Movie S2 ). We found that newly nucleated microtubules self-organized into two separate bipolar spindles after NEBD attracting a subset of the cytoplasmic MTOCs that had accumulated around each pronucleus to their poles ( Fig. 1A,   B ). Subsequently, the two spindles aligned and came into close apposition to form a compound barrel-shaped system. This structure typically had two clusters of MTOCs at at least one of its poles, suggesting that the two spindles were aligned closely but not completely merged ( Fig. 1A,   B , Movie S2). To probe this further, we performed 3D immunofluorescence analysis of zygotes visualizing endogenous spindle poles, microtubules, kinetochores and DNA. This showed that in early and mid prometaphase, two separate bipolar spindles are formed in in vivo developed zygotes (Fig. 1C, D) . Given the delayed and partial association of MTOCs with the microtubule mass, we hypothesized that dual spindle formation might be driven by self-assembly of microtubules nucleated by chromosomes. To test this, we assayed microtubule regrowth after washing out the microtubule depolymerizing drug nocodazole. Indeed, a large proportion of microtubules was nucleated on chromosomes with striking association to kinetochores (Fig. S2, while MOTCs became associated with microtubules only later. This observation prompted us to investigate the organization of K-fibers in zygotic prometaphase by high-resolution immunofluorescence of zygotes fixed after brief cold treatment to highlight stable microtubules ( Fig. S3 ). This analysis showed that two bipolar arrays of K-fibers start assembling in early prometaphase, are stably organized in mid prometaphase, and clearly recognizable by their slightly offset centers and split poles even after parallelization in metaphase.
To characterize the kinetics of zygotic spindle assembly in live embryos, we next imaged maternal and paternal centromeres in relation to growing spindle microtubule tips. This allowed us to define three phases of zygotic spindle assembly ( Fig. 2A) . A transient first phase (~3 min; 10.3 ± 3.5 min to 13. 4 ±4 min after NEBD), characterized by the clustering of growing microtubules around the two pronuclei; followed by phase 2 (~16 min; 14.5± 4 min to 30.7 ± 6.5 min after NEBD), where individual bipolar spindles assembled around each parental genome; and subsequently phase 3 (~83 min; 46.7±17 min to 129.2 ± 16.5 min after NEBD), when the two spindles align and combine into a compound barrel shaped structure.
To test if the two zygotic spindles are functionally independent, we measured the timing and direction of maternal and paternal chromosome congression ( Fig S.4A, B and Fig. 2A, B ; for details see methods). Congression started in prometaphase (phase 2), while the spindles were clearly separated ( Fig. S4A, B ). Parental chromosome congression was not correlated in time until shortly before anaphase, suggesting that they are moved by different microtubule systems ( Fig. S4C ). Furthermore, the parental genomes were congressed in different directions along separate spindle axes, as evidenced by the large difference between the angles of the two forming metaphase plates, which became parallel only later during dual spindle alignment in phase 3 plates at the end of phase 3 prior to and during segregation ( Fig. 2A, arrows) . Together, this data suggests that each of the two spindles around the parental genomes functions independently for chromosome congression, and that they may even function uncoupled from each other in chromosome segregation.
It has been observed in in-vitro-fertilization (IVF) clinics, that the zygotic division is error prone and often leads to embryos with blastomeres containing two nuclei (9) (10) (11) (12) (13) . Based on our observations, we hypothesized that failure to align the two parental spindles before anaphase could explain this enigmatic phenotype. In order to test this, we increased the distance between the two pronuclei by transient treatment with nocodazole, which led to a larger gap between the two self-assembling spindles ( Fig. 3 , Movies S9-11). Indeed, such embryos frequently failed to fully align the parental spindles at one or both poles. Strikingly, this did not delay anaphase but resulted in chromosome segregation by two spindles into different directions, leading to two cell embryos with one or two bi-nucleated blastomeres ( Fig. 3 , Movies S10-11). By contrast, embryos that did align the two spindles parallel to each other before anaphase cleaved into two blastomeres with single nuclei as expected (Movie S9). Thus, failure to align the two zygotic spindles gives rise to multinucleated two-cell embryos, phenocopying frequently observed errors in human embryonic development in IVF clinics.
Dual spindle assembly in the mammalian zygote would also offer a mechanistic explanation for the long-standing observation that the parental genomes occupy separate compartments inside the nuclei of two-and four-cell embryo blastomeres (14, 15) . If dual spindle assembly around two pronuclei was responsible for genome compartmentalization, parental genomes should mix in subsequent divisions, where only one nucleus is present per cell. Imaging of the metaphase plate of live hybrid mouse embryos from the zygote to the eight-cell stage showed that parental genomes were separated in zygotes, but became rapidly mixed in the subsequent developmental stages as predicted ( Fig. S6A-D ). This loss of genome compartmentalization was also seen in in vivo developed isogenic embryos ( Fig. S6E -I). Thus parental genomes are kept separate by two spindles only during the first mitosis but then mix during subsequent divisions driven by a single common spindle.
If dual spindle assembly is the mechanism for parental genome compartmentalization ( Fig. S7A ), formation of a single spindle around both genomes in the zygote should mix them already in the first division. To test this prediction, we redirected spindle assembly with two small molecule inhibitors of microtubule polymerization (Nocodazole) and the motor protein Eg5 (Monastrol).
Transient treatment with Monastrol collected both genomes in a single microtubule aster and subsequent depolymerization of microtubules with Nocodazole followed by regrowth after washout then resulted in one bipolar spindle around both genomes ( Fig. S7B and S8, from here on referred to as MoNoc treated zygotes). Such MoNoc treated embryos captured and congressed chromosomes within a single spindle and showed a high degree of parental genome mixing in the first mitotic metaphase (Fig. 4) . This was significantly different from untreated or control zygotes in which the order of drug treatments is reversed (NocMo treated zygotes), which maintained dual spindle formation and genome separation ( Fig. 4 ; Fig. S7C and S8). Thus, dual spindle formation in the zygote is required for parental genome separation in mammals.
Having this experimental method to induce mixing of the parental genomes in hand, furthermore allowed us to demonstrate that genome separation is not required for the epigenetic asymmetry, and its resolution (16) (17) (18) (19) between parental genomes as proposed previously ( Fig. S9 and S10) (15, (20) (21) (22) , which is thus a chromosome intrinsic property.
In summary, we showed here that two spindles form around pronuclei in mammalian zygotes which individually collect the parental genomes and then position them next to each other prior to the first anaphase. Our data explain how parental genome separation is achieved in mammalian embryos. To date, the formation of physically distinct mitotic spindles around the two pronuclei has been thought to be specific to certain arthropod species (23, 24) . Our finding that this occurs also in mammals, suggests that two zygotic spindles might be characteristic for many species that maintain separate pronuclei after fertilization. We demonstrated that failure to align the two spindles produces errors in the zygotic division that closely resemble clinical phenotypes of human embryos in IVF procedures, suggesting that a similar mechanism of dual zygotic spindle assembly also occurs in human. This view is supported by the spatial separation of parental chromosomes reported in human zygotes (25) , divisions of human zygotes into multinucleated blastomeres and by reports that identified a mix of paternal, maternal and diploid cells in eight-cell cattle embryos. A dual zygotic spindle would provide a mechanistic basis for this parental genome segregation (9-13, 26, 27) . These severe and relatively frequent zygotic division errors in human and agriculturally used mammals thus find their likely mechanistic explanation in a failure of the close alignment of the two zygotic spindles prior to anaphase.
Beyond the biological insight, if a similar mechanism of microtubule-driven parental genome separation indeed occurs in human zygotes would be important to understand from an ethical and legal perspective as "pronuclear fusion", a process that strictly speaking does not occur in mouse zygotes, is used to define the beginning of embryonic life as protected by law in several countries (e.g. Germany, § 8 Abs. 1 Embryonenschutzgesetz). 
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Materials and Methods
Mouse strains and embryo culture. hybrid embryo). Culture during imaging was performed as described (8) Embryos used for live imaging of microtubule tips were isolated from C57BL/6J x C3H/He F1 females mated with C57BL/6J x C3H/He F1 males.
Expression Constructs and mRNA Synthesis
Constructs used for mRNA synthesis were previously described: TALE-mClover (pTALYM3B15 Addgene plasmid 47878) (7) , EB3-mEGFP (4), tdEos-Cep192 (28) (a kind gift from Melina Schuh). To generate EB3-mCherry full length Homo sapiens EB3 cDNA (NM_001303050.1, a generous gift from Niels Galjart) was tagged at the Cterminus with a tandem mCherry and cloned into the vector pGEMHE for mRNA production. To generate TALE-tdiRFP670, mRuby from pTALYM4SpiMi-01 (7) (Addgene plasmid 47879) was replaced with tdiRFP670 (Addgene plasmid 45466, the tandem construct was a kind gift from Pierre Neveu). After linearization of the template with PacI, capped mRNA was synthesized using T7 polymerase (mMessage mMachine Ultra Kit, following manufacturer's instructions, Ambion) and dissolved in 11 µl water.
mRNA concentrations were determined using a NanoDrop (Thermo Fisher Scientific).
Immunofluorescence
For imaging of the mitotic spindle and to assay microtubule regrowth embryos were fixed and extracted as described (5) . To visualize organization of K-fibers in zygotic prometaphase embryos were incubated in ice-cold PBS for 3 minutes prior to fixation.
Embryos were blocked in 5% normal goat serum, 3% BSA in PBST (0.1% Trition X-100) and then incubated overnight in blocking solution at 4°C at the following antibody dilutions: For immunofluorescence of H3K9me3 and Ring1B embryos were fixed as described (5) .
Embryos were incubated overnight at 4 °C at the following primary antibody dilutions: 
Micromanipulation
Embryos were injected based on methods described previously (4) . The injected volumes ranged between 10-15 pl (3%-5% of the embryo volume) of 0.125 -0.3 µg/µl mRNA.
mRNA-injected embryos were incubated at 37°C for 4-6 hr in G1 medium as described above to allow recombinant protein expression. For labelling of MTOCs and microtubule tips MMU zygotes were injected with mRNA encoding tdEos-Cep192 and EB3-mCherry. For differential labelling of maternal and paternal centromeres MMU x MSP embryos were injected with mRNA encoding fluorescent proteins fused to TALEs specific to the different centromeric satellite repeats as described previously (7).
Embryo Imaging
Time-lapse image acquisitions were performed using a previously described in-housebuilt inverted light-sheet microscope (8) Embryos cold treated prior to fixation, to assess organization of K-fibers in zygotic prometaphase, were imaged on a Zeiss LSM 880 confocal microscope with Airyscan equipped with a 40× C-Apochromat 1.2 NA water immersion objective lens. Images were acquired at 80 nm in xy and 220 nm in z.
Image processing and analysis
Images of embryos stained and fixed for spindle markers were deconvolved using the Huygens remote manager (Scientific Volume Imaging), and maximum intensity projected in Arivis (arivis Vision4D). Images of pro-metaphase zygotes acquired on the Zeiss LSM 880 were subjected to 2D Airyscan processing and rotated in the Arivis 3D Viewer (arivis Vision4D) for presentation purposes.
Time-lapse images were processed for extraction of raw camera data as described (8) .
Time-lapse movies were generated as described (8) 
Analysis of directionality of growing microtubule tips
To visualize MT organization we filtered the EGFP-EB3 movies with a Laplacian of Gaussian filter of size 2 px (ImageJ plugin LoG3D, (30)). Kymographs were computed for a 11 px wide line using the kymograph analyze feature of ImageJ. EB3 comets have been tracked using the Matlab tool u-track2.0 (Danuser Lab;
www.utsouthwestern.edu/labs/danuser/software/, (31)). We used the original unfiltered fluorescence images and following parameters: Low pass filter 1 px, High-pass filter 3 px, minimum track length 3, maximum gap to close 1. Due to the 4D nature of the problem the track length was typically short with approximately 80% of the tracks shorter than 5 frames. For the analysis we used tracks longer than 3 frames that are sufficient to determine the overall direction of microtubule growth. This gave over 7000 tracks per embryo. As the tracks were straight we used the vector determined by the initial and end point of the track for further processing. To cluster similar trajectories we performed spectral clustering using the absolute cosine distance between trajectories to construct the similarity matrix (32). Then we computed eigenvalues and eigenvectors of the randomwalk normalized graph-Laplacians (33). The eigengap heuristic indicated that three clusters were sufficient to describe our data (not shown). Finally, to remove isolated tracks we performed a density-based clustering using the average track position (34). The eps parameter for dbscan was set so to keep 70-80% of the tracks. This gave eps-values between 4 and 7 px.
Correlation between 5mC and 5hmC signals
Segmentation of 5mC and 5hmC signals was performed using a script developed in MATLAB that quantifies the distribution of the signals and their correlation using bright pixels. Segmentation of maternal and paternal centromeres was performed using an in house developed MATLAB segmentation pipeline and the mixing between parental centromeres was measured using the overlap between their 3D convex hulls.
The Yoyo channel was interpolated first to obtain isotropic voxels. A 3D Gaussian filter of size 3 and SD=2 was applied to reduce the effect of noise. (D) Volume occupied by 50% Ring1B positive voxels. Zygote (n = 17), untreated (n = 37), NocMo (n = 34) and MoNoc (n = 19) cells at the 2-cell. For 8-cell stage, volume of positive voxels was not determined due to absence of signal. Scale bar, 10 µm. Furthermore, we re-implanted control, MoNoc and NocMo embryos into foster mothers and show that similar numbers of pups get born from each condition (Table  S1 ). 
